The interaction of proflavine with herring sperm DNA has been investigated by cyclic voltammetry and UV-Vis spectroscopy as well as viscosity measurements. Shifts in the peak potentials in cyclic voltammetry, spectral changes in UV absorption titration, an increase in viscosity of DNA and the results of the effect of ionic strength on the binding constant strongly support the intercalation of proflavine into the DNA double helix. The binding constant for the interaction between proflavine and DNA was K = 2.32 (±0.41) × 10 4 M -1 and the binding site size was 2.07 (±0.1) base pairs, estimated in voltammetric measurements. The value of the binding site size was determined to be closer to that expected for a planar intercalating agent. The standard Gibbs free-energy change is ca. -24.90 kJ/mol at 25˚C, indicating the spontaneity of the binding interaction. The binding constant determined by UV absorption measurements was K = 2.20 (±0.48) × 10 4 M -1 , which is very close to the value determined by cyclic voltammetry assuming that the binding equilibrium is static.
Introduction
The interaction of small molecules with DNA is a field of growing interest due to the importance of binding interactions in determining nucleic acid conformations. 1 It has been reported that trisphenanthroline cobalt(III) was used for the detection of short DNA sequences of the human immunodeficiency virus type 1 (HIV-1). 2 However, DNA molecules are prone to be damaged under various conditions, including e.g. interactions with some molecules. This damage may lead to various pathological changes in living organisms. 3 In addition to potential therapeutic applications, due to the electrochemical behavior of many drugs, DNA binding studies are anticipated to be useful in electroanalytical applications. [4] [5] [6] [7] There are mainly three possible binding modes between DNA and small molecules: (1) An electrostatic interaction that extends the negatively charged phosphates outside the DNA double helix; (2) the interaction with grooves of DNA; and (3) an intercalation model in which the base pairs of DNA unwind to accommodate an intercalating agent. 8, 9 Several techniques have been employed to study the binding of small molecules to DNA including, for example, viscometry, 10 UV-Vis spectroscopy, 11 isothermal calorimetric titration, 12 luminescence, 13 electrophoresis, 14 fluorescence 15 and electroanalytical methods. [16] [17] [18] [19] [20] [21] It has been shown that electrochemical techniques have several advantages in measuring the binding of small species to DNA, such as applicability over a wider range of binding constants than classical methods. 16, 22 Several authors have shown that the binding constants for redox active species can be obtained from straightforward voltammetric experiments in which the DNA is titrated against the redox active molecule. Measurements of diffusion currents in the presence of excess nucleic acid have shown that the diffusion coefficient of DNA-bound species is more than one order of magnitude lower than that of the free species. 16, [22] [23] [24] Acridines are known to interact with DNA, mainly by intercalation. 25 A wide range of biological effects of intercalating drugs continues to stimulate investigations on this process. The activity of several anticancer, antimalarial and antibacterial agents and that of aromatic carcinogens find its origin primary in intercalation. [26] [27] [28] However, it has also been reported that intercalation is complex, and that the details of the process strongly depend on the structure of the intercalator. 29 In the present work, the interaction of proflavine (Fig. 1) , an acridine derivative, with DNA was investigated by cyclic voltammetry, UV absorption and viscometry under neutral pH conditions.
Experimental

Chemicals
Type XIV Herring Testes ds-DNA sodium salt was purchased from Sigma (Taufkirchen, Germany). Solutions of DNA were prepared fresh before each experiment using doubly distilled water containing 100 mM Tris-HCl buffer, pH 7. The concentration of DNA solutions, expressed in moles of nucleotide phosphate [NP] , was determined by UV absorbance at 260 nm. The extinction coefficient at 260 nm was taken as 6600 M -1 cm -1 . 30 The purity (free from bound protein) was assessed from the ratio of the absorbances at 260 nm and 280 nm. 31 In general, the commercial DNA preparation was found to be free of protein (A260nm/A280nm = 1.9) according to this criterion, and no further purification was attempted. Proflavine hemisulfate was purchased from Sigma (Germany). All other reagents were of analytical grade or equivalent, and obtained from Merck (Darmstat, Germany) or Sigma (Germany).
Voltammetric measurements
Voltammetric experiments were performed using an EcoChemie Autolab PGSTAT 12 potentiostat/galvanostat (Utrecht, The Netherlands) with the electrochemical software package GPES 4.9. A three-electrode system was used: a 2 mm sized Pt disk working electrode, an Ag/AgCl reference electrode and a Pt wire counter electrode. Electrodes were purchased from Metrohm Co. (Herisau, Switzerland). A known volume of buffered DNA solution was added to the cell, and voltammograms were recorded as aliquots of proflavine solution were added. The procedure was then repeated using a buffer solution containing no DNA to generate a current-concentration calibration plot. The working electrode was polished with 0.05 µm alumina on a polishing pad and washed with doubly distilled water prior to each measurement. Oxygen-free nitrogen was bubbled through the solution for 5 min before each experiment. All experiments were carried out at 25˚C.
Spectroscopic studies
Absorption spectra were measured on a Perkin-Elmer Lambda 45 spectrophotometer. A quartz cuvette of 1 cm was used (Lightpath Optical Ltd., UK). Titration of the drug with a herring sperm DNA solution was performed by adding a small aliquot of a concentrated DNA solution to a proflavine solution at constant concentration. Solutions were allowed to equilibrate for 5 min before measurements were made.
Viscometric measurements
Viscosity measurements were conducted on an Ubbelodhe viscometer, immersed in a thermostated water bath maintained at 25˚C. Titrations were performed by the addition of aliquots of the proflavine solution into a constant concentration of DNA solution in the viscometer. Data were presented as (η/ηo) versus the concentration of proflavine, where η is the viscosity of DNA in the presence of proflavine and ηo is the viscosity of DNA alone.
Data analysis
A simple site binding model was used to fit the cyclic voltammetric data acquired from the interaction between proflavine and DNA. 16 Cb/Cf = K{[free base pairs]/s},
where s is the binding site size in terms of base pairs. 
Experimentally, Cf and Cb can be obtained from the diffusion currents in the absence of DNA, i, and in the presence of DNA, iDNA: 16, 24 
where B is the appropriate collection of constants for the experiment (electrode area, or radius, sweep rate, etc.) and x = 0.5. Db and Df are the diffusion coefficients of the bound and free proflavine. It should be noted that Eq. (3) assumes that the kinetics of the equilibrium are slow on the cyclic voltammetric timescale. For mobile equilibria, Eq. (3) should be replaced by 32
In this work, the Cb/Cf was computed and obtained K and s obtained by the least-squares regression of Cb/Cf on CT. Using CT = Cf + Cb, we obtain = .
Since Db << Df, the left-hand side of Eq. (6) reduces to = .
Similarly, for a mobile equilibrium,
The left-hand sides of Eqs. (7) and (8) can be obtained directly from the experimental peak currents. The experimental data were therefore expressed as plots of Cb/Cf against the total concentration of proflavine at a fixed concentration of DNA; K and s were obtained by a least-squares fitting. The correlation between K and s was reduced by applying a non-linear fitting model based upon minimization of the sum of squares with K and s being the only adjustable parameters. 
Results and Discussion
Voltammetric studies of the interaction of proflavine with DNA Figure 2 shows cyclic voltammograms of 0.2 mM proflavine in the absence and presence of various concentrations of DNA in 0.1 M Tris-HCl buffer, pH 7. The peak current decreases upon the addition of the increasing concentrations of DNA, owing to the binding of proflavine. The peak current (Ip) of the oxidation wave of proflavine was proportional to the square root of the scan rate (v 1/2 ). This phenomena indicated that the oxidation of proflavine was a solution-phase electrochemical process. Therefore, the cyclic voltammograms shown in Fig. 2 are diffusion-controlled voltammograms of proflavine, not the adsorption process of proflavine on the electrode surface. Furthermore, the peak potential shifted to a more positive value in the presence of DNA. The shift in the peak potential is attributed to be a characteristic behavior of the intercalation of proflavine into the DNA double-helix. 33 In the presence of nucleic acids, the current is mainly due to free species, since the diffusion rate of the DNA-bound species is small. 22 The decrease in the peak current in the presence of DNA is due to a decrease in the apparent diffusion coefficient and the apparent concentration of the electroactive species. 5, 16 Cyclic voltammetric titration of DNA with proflavine was carried out to determine the binding constant and the binding site size. A plot of Cb/Cf vs. CT for proflavine in the presence of 0.1 mM DNA is given in Fig. 3 4 M -1 for K and s = 1.61 (±0.06) base pairs for a mobile binding equilibrium. In this study, two approaches were used to determine the binding constant of the proflavine/DNA system. The experimental conditions under which each limiting case is justified has been given by Evans. 32 The assumption of mobile inter-conversion, yields larger values of K than those predicted by the static limit. 16 However, it is difficult to determine exactly the more appropriate model for the measured current, since the electrochemical processes of the free and bound materials are not well resolved. 16 Thus, the results for calculations of both limiting cases were presented in this study. However, another binding model was used to determine the binding constant for a comparison. In this case, the binding constant of proflavine-DNA interaction was obtained using the following equation: 34
where Ip0 (Fig. 4) . This value of the binding constant, determined here, is close to the K obtained by the static approach. Thus, the static approach may be more reasonable for the determining of the binding constant of the proflavine-DNA interaction.
Effect of the ionic strength on the interaction of proflavine with DNA
The effect of the ionic strength on the interaction of proflavine with DNA using cyclic voltammetry was also investigated to acquire possible binding modes. It has been shown that when a charged ligand is added to a polyelectrolyte solution, its binding constant, K, depends on the total counterion concentration, [Na + ], as follows: 35 = ∆r = -zΨ,
where z is the charge on the ligand molecule, Ψ is the fraction of counterions and ∆r is the number of counterions released upon binding of the ligand with charge z. The theoretical slope of the log K vs. log[Na + ] relation is -0.88 for a singly charged ligand bound to the B form of DNA in aqueous solutions at 25˚C. 35 The plot of log K vs. log[Na + ] was linear with a slope of -0.56 (Fig. 5) . A comparison of the experimentally determined value of the slope with that predicted by theory indicates that the proflavine charge is less strongly involved in the binding. This behavior supports that the electrostatic attractions are less important for the interaction of proflavine with DNA. 
Absorption studies
The binding of proflavine to DNA was also characterized using the absorption titration. Figure 6 shows the electronic absorption spectrum of proflavine in a 0.1 M Tris-HCl buffer at pH 7 and the effect of herring sperm DNA addition on the spectrum. The absorbance of proflavine is reduced with increasing concentration of DNA. A spectral shift to lower energy is found in the presence of DNA, which supports an electronic stacking interaction of proflavine with the base pairs of the helix. The spectral changes are characteristic of intercalation. 36 The binding constant, K, was determined from the spectroscopic titration data using the following equation:
where εA, εf and εB correspond to Aobs/[Proflavine], the extinction coefficient for the free proflavine and the extinction coefficient for the proflavine in the fully bound form, respectively. In the plot of [DNA]/(εA -εf) vs.
[DNA] (Fig. 7) , K is given by the ratio of the slope to the intercept. The binding constant, K, obtained for the proflavine-DNA interaction is 2.20 (±0.48) × 10 4 M -1
. The value of the binding constant, determined using spectroscopic titration, is very close to the binding constant obtained by a static approach using cyclic voltammetry.
Viscosity measurements
In addition to the peak potential shift in cyclic voltammetry, the spectral shift in UV absorption titration and the dependence of the ionic strength on the binding constant, viscosity measurements were carried out to provide further clues about a binding mode between proflavine and DNA. The values of the relative specific viscosity (η/ηo) of DNA in the presence of proflavine are plotted against the concentration of proflavine (Fig. 8) . The specific viscosity of DNA increased in the presence of proflavine. In general, a classical intercalation mode causes an increase in the viscosity of a DNA solution due to the increased separation of base pairs at the intercalation sites, and hence an increase in the overall DNA length. 38 This behavior suggests that proflavine may bind to DNA via intercalation.
Conclusion
A general conclusion from this study is that proflavine binds to herring sperm DNA with a binding constant of K = 2.32 (± 0.41) × 10 4 M -1 and 2.07 (±0.1) base pairs, assuming a static binding equilibrium. The value of the binding-site size is closer to that expected for an intercalative mode of binding in which the binding site consists of the intercalating agent sandwiched between two consecutive base pairs. The binding of proflavine to herring sperm DNA results in a red shift in the UVabsorption and a peak potential shift in voltammetric measurements. The ionic strength dependence of the binding constant is not large. Furthermore, the relative viscosity of DNA increases in the presence of proflavine. These characteristics strongly support the intercalation of proflavine into DNA.
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